Figure 2. Localization of H4 S1 Phosphorylation at Double-Strand Breaks
ChIP analyses with MATα yeast that harbors deletions of both silent-mating-type loci and contains an integrated Gal10-HO gene. HO expression and cleavage at the MAT locus were induced by galactose and were followed by formaldehyde crosslinking and immunoprecipitation of chromatin with α-phos (S1) H4. Primers were used to detect regions adjacent to (MATZ1) or distal to (MATZ3) the HO DNA double-strand break [28] . Primers specific to the PHO5-promoter region were used as a control.
fore, we tested the effects of mec1-21 and mec1-21/ subunits CKA1 and/or CKA2 of casein kinase II (CK2) were involved in the DNA-damage-induced phosphorylation of H4 at S1. In support of this possibility, we show within 1 kb of the DSB (primers MATZ1 and Z3) as compared to unlinked loci on a different chromosome, such that recombinant human CK2 and purified yeast CK2 complexes are able to phosphorylate H4 in vitro with as PHO5 (Figure 2 ). This increase occurred within 1 hr of DSB induction and lasted for at least 4 hr. Preliminary either purified H4 or histone octamers as a substrate ( Figure 3A , data not shown). We further explored this experiments indicated that levels of H4 S1 phosphorylation at HO-induced breaks in rad51 and rad54 mulink by treating CK2 mutant strains [17] with MMS to determine the effect on H4 S1 phosphorylation in vivo. tants, which are deficient in homologous recombination (HR), were similar to levels at breaks in the wild-type
The MMS-induced H4 S1 phosphorylation is greatly diminished in a cka1 null yeast strain and is largely unde-(B.W. and C.L.P., unpublished data). These data suggest that ongoing recombination is not required for this tectable in the double cka1 null/cka2 temperature-sensitive (ts) strain at the nonpermissive temperature phosphorylation event to occur. Taken together, our results demonstrate that H4 S1 phosphorylation is speci-( Figure 3B ). These results, together with the in vitro kinase data, suggest that CK2 is directly involved in regufically localized to DSB in vivo and may be involved in aspects other than recombination during DSB repair.
lating this DNA-damage-induced phosphorylation event.
To further investigate a potential link among CK2, H4 To gain further understanding of the roles that H4 S1 phosphorylation plays in DNA damage, we sought to S1 phosphorylation, and DNA damage, we sought to determine the sensitivity of CK2 mutants to the DNAidentify the responsible kinase(s). MEC1 and TEL1 kinases phosphorylate H2A S129 and are the main regudamaging agents phleomycin and MMS. We found that the CK2 mutant most deficient in phosphorylating H4 lators of the DNA-damage pathway in yeast [8] . There- 
S1 in vivo is also the most sensitive to DNA-damaging
Here, we show that H4 S1 phosphorylation is induced during DNA damage and is specifically localized to the agents ( Figure 3C ), suggesting that H4 S1 might be one of the physiological substrates for CK2. However, H4
DSB. This phosphorylation is mediated by CK2 and appears to be involved in promoting DSB repair. Inter-S1A and H4 S1E mutants do not exhibit sensitivity to DNA-damaging agents ( Figure S7 ), implying that damestingly, CK2 has been implicated in the DNA-damage response because in yeast it regulates POLI/III-depenage-induced H4 S1 phosphorylation is involved in a pathway that has other redundant or compensatory dent gene expression [18] and controls adaptation to the mechanisms.
Because the ChIP experiments demonstrated that H4 S1 phosphorylation occurs at HO-induced breaks (Figure 2) , we investigated the role of H4 S1 phosphorylation in nonhomologous end joining (NHEJ). In an NHEJ plasmid-religation assay, a restriction-enzyme-digested plasmid cleaved within a selectable marker was transformed into H4 S1E, S1D, S1T, and wild-type strains. In the H4 S1E and S1D strains that may mimic constitutive S1 phosphorylation, the survival rates exceed those of the wild-type strain, ( Figure 4A ) suggesting that H4 S1 phosphorylation enhances the efficiency of plasmid rejoining. In contrast, the H4 S1T and S1A mutants display a phenotype similar to that of the wild-type strain ( Figure 4A, data not shown) , suggesting that the enhancement of DNA-religation efficiency is specific to a mutation that mimics phosphorylation. Similarly, the H2A S129E mutant, but not S129A, affects the accessibility of chromatin to nuclease digestion [8] . Our data and the data of Downs et al. [8] suggest that specific functions are conferred by the addition of a phosphate moiety to histone tails. Thus, it appears that the phos- 
gether, our results suggest that CK2 phosphorylation of
These colonies consisted of either wild-type or H4 S1 mutant yeast.
H4 S1 and possibly other targets appears to contribute
The PCR product was then digested with SalI to determine if the religation of cut YCp50 plasmid was accurate.
to NHEJ repair. yCP50, was performed to assay for the accuracy in the repair of and 1 M microcystin-LR). Cells were disrupted with acid-washed the digested plasmid used for transformation. glass beads in a mini-beadbeater, and the clarified supernatant was collected for electrophoresis on 15% SDS-PAGE gels as described previously [27] . Resolved proteins were transferred to PVDF membrane and probed with primary α-phos (S1) H4 or α-acetyl-H4
Supplemental Data rabbit sera (1:5,000 and 1:10,000 dilutions, respectively, in 2% milk, Nine supplemental figures can be found with this article online at Tris-buffered saline, and 1% Tween-20). HRP-conjugated donkey http://www.current-biology.com/cgi/content/full/15/7/656/DC1/. anti-rabbit secondary antibody (Amersham Pharmacia Biotech) was used at a 1:5,000 dilution and chemiluminescence was performed with the ECL plus kit (Amersham Pharmacia Biotech).
